1. An acyl-thioester hydrolase was isolated from the cytosol of lactating-rabbit manmary gland. The purified enzyme terminates fatty acid synthesis at medium-chain (C8:07-C12:0) acids when it is incubated with fatty acid synthetase and rate-limiting concentrations of malonyl-CoA. These Vagelos (1974) for review]. With these latter synthetases, the acyltransferase transfers the acyl group to water (rather than to CoA) and so acts as an acyl-thioester hydrolase which is specific for long-chain acyl-thioesters.
The mechanism by which chain elongation is termnated during fatty acid synthesis de novo is not fully understood. Sumper et al. (1969) have put forward a model to explain chain termination by yeast fatty acid synthetase, which releases long-chain (C6:0-C8:o0) fatty acids as the acyl-CoA esters. They propose that the probability of any covalently bound acyl residue forming a product by being transferred to CoA is determined by the relative velocities of the elongating and of the terminating transfer reactions of the syn. thetase. The maximum chain length synthesized is governed by an increasing interaction of the growing alkane chain with the hydrophilic enzyme protein. This leads to termination of fatty acid synthesis at C16:o and C18:o acids. The model could also explain chain termination by fatty acid synthetases from mammalian and avian tissues and from Escherichia coli, which release unesterified long-chain (C14:0-C18:0) fatty acids [se Vagelos (1974) for review]. With these latter synthetases, the acyltransferase transfers the acyl group to water (rather than to CoA) and so acts as an acyl-thioester hydrolase which is specific for long-chain acyl-thioesters.
Lactating-rabbit mammary gland terminates chain elongation at C8:0 and C10:0 fatty acids both in vivo (Carey & Dils, 1972) and In vitro (Strong & Dils, 1972 this tissue only synthesizes C4:0 and C16:0 fatty acids in significant proportions (Carey & Dils, 1970a) . When acyl-CoA esters are used as model substrates, the acyl-thioester hydrolase activity of this synthetase is specifiC for C14:0 and C16:0 acyl-CoA esters . The inability of this purified synthetase to release C8:0 and C10o0 acids can therefore be explained by the model of Sumper et al. (1969) by the greater velocity of the elongation reaction compared with that of the acyl-thioester hydrolase for covalently bound medium-chain acyl residues. One explanation for the synthesis ofmedium-chain fatty acids by lactating-rabbit mammary gland is the presence in the tissue of an acyl-thioester hydrolase which could specifically release medium-chain acids from the acyl-carrier protein or from other leaving sites of the fatty. acid synthetase. We have presented preliminary evidence for the presence of this enzyme in the cytosol oflactating-rabbit mammary gland and have shown that the enzyme terminates chain lengthening even when the synthesized fatty acids were not subsequently esterified as glycerides. The crude enzyme preparation also hydrolysed acyl-CoA esters of various chain lengths when these were used as model substrates to mimic fatty acids covalently bound to fatty acid synthetase . The present paper describes the purification and some of the properties of the enzyme and compares the enzyme with fatty acyl-CoA hydrolases (EC 3.1.2.2) from other tissues.
Methods
Acetyl-CoA and [1-'4C]acetyl-CoA were prepared from acetic anhydride and from [1-14C]acetic anhydride respectively as described by Stadtman (1957) . Radioactive and non-radioactive long-chain acyl-CoA esters were synthesized by the method of Sanchez et al. (1973) . To synthesize the CoA esters of butyric acid, hexanoic acid and octanoic acid, the method was modified as follows (D. N. Brindley, personal communication) by converting the sodium salts of these acids into the tetraethylammonium salts before the reaction with ethyl chloroformate. Tetraethylammonium hydroxide was prepared by shaking tetraethylammonium bromide (2.1 g) with Ag20
(3.5g) in lOml of water for 0min. The AgBr was removed by centrifugation. A column (5cm x 0.5cm) of Dowex 5OW (H+ form) was converted into the tetraethylammonium form by applying 3ml of the aqueous solution of tetraethylammonium hydroxide and then washing the column with water until the eluate was pH7.0. The sodium salts of butyric acid, hexanoic acid or octanoic acid (in each case 20,umol in 0.4mr of water) were applied to the column. The eluate containing the tetraethylammonium salts was evaporated to dryness under N2, and the salt was dissolved in methylene chloride.
All acyl-CoA esters were analysed and purified as described by Pullman (1973 Knudsen (1972) .
Enzyme purification
Unless stated otherwise, all procedures were carried out at 4°C. Mammary tissue (approx. lOOg wet wt.) from lactating rabbits (12-16 days post partum) was finely chopped with scissors. Excess of milk was removed by washing the mince with 0.25M-potassium phosphate buffer, pH7.0, containing 1 mM-EDTA and 0.25mM-dithiothreitol (2ml/g wet wt. of tissue). The tissue was homogenized with this buffer (2ml/g wet wt. of tissue) in a Potter-Elvehjem homogenizer and the homogenate was centrifuged at 105000gav. for 2h to yield the particulate-free supernatant fraction. Solid (NH4)2SO4 was added continuously, with stirring, to this fraction. The protein precipitated between 245 and 390g of (NH4)2SO4 per litre of initial volume was collected by centrifugation at l0000gav. for 0min. The precipitate was dissolved in 5 mM-potassium phosphate buffer, pH7.0, containing 1 mM-EDTA and 0.25 mM-dithiothreitol and was applied to a column (2.5cmx 80cm) of Ultragel AcA 44. The column was eluted with 0.1 mM-potassium phosphate buffer, pH 7.0, containing 1 mM-EDTA and 0.25 mM-dithiothreitol, and fractions (7 ml) containing the enzyme were pooled. The enzyme was concentrated by adding 470g of (NH4)2S04/litre of the pooled fractions. The precipitate was dissolved in the minimum volume (about 5 ml) of 5 mM-potassium phosphate buffer, pH7.8, containing 1 mM-EDTA and 1 mM-dithiothreitol and was then dialysed against 2 litres of the same buffer for 4h with one change of buffer.
A portion of the dialysed sample (20-30mg of protein) was applied to a preparative electrophoresis column (Shandon Scientific Co. Ltd., Willesden, London N.W.10, U.K.) of 18.8% (w/v) polyacrylamide (2.7 % cross-linked; 4cm long) which had been polymerized in 8mM-Tris/HCl buffer, pH7.8, by riboflavin. The upper and lower buffer compartments contained 5mM-Tris/glycine buffer, pH8.5. The column was run for about 2h before the enzyme was applied. Electrophoresis was carried out for 18-20h at 2°C with a constant current of lOmA at 400V. The protein bands were then continuously eluted from the column with 14mM-Tris/HCl buffer, pH7.8, containing 1 mM-EDTA and 0.25mm-dithiothreitol, at a flow rate of4.8 ml/h. Fractions (1.2ml) containing medium-chain acyl-thioester hydrolase were pooled and stored at -70°C. (10.5jSg, of specific activity 520nmol of malonyl-CoA formed/min per mg of protein). The mixture was incubated at 37°C for 10min and the reaction was stopped by adding aqueous NaOH to a final concentration of2.5 M. The radioactive fattyacidswereextracted and were analysed by radio-g.l.c. as described by Knudsen (1976) . In the absence of medium-chain acyl-thioester hydrolase this system synthesized negligible proportions of medium-chain fatty acids. All assays were performed in duplicate.
Assay of medium-chain acyl-thioester hydrolase activity with acyl-CoA esters as model substrates
(1) Spectrophotometric assay. For convenience throughout the purification procedure, the enzyme activity was assayed by measuring the release of thiol groups from dodecanoyl-CoA as model substrate. The assay mixture contained 0.4M-Tris/HCl buffer, pH7.4, 1 mM-EDTA, 0.2mM-5,5'-dithiobis-(2-nitrobenzoic acid) and enzyme protein. It was preincubated for 3 min at 37°C. The reaction was started by adding dodecanoyl-CoA (final concentration 56pM; see Fig. 2 ) and was followed spectrophotometrically at 412nm. The amount of thiol released was calculated from the molar extinction coefficient E = 1.36 x 104 litre * mol' I cm- (Means & Feeney, 1971 ).
(2) Radiochemical assay. The specificity of the purified enzyme towards acyl-CoA esters of various chain lengths when these are used as model substrates was determined by measuring the release of [1-14C]-fatty acids from the radioactive acyl-CoA esters. The assay mixture contained 0.1 M-potassium phosphate buffer, pH7.5, 1 mM-EDTA, 1 mM-dithiothreitol, 3 or 8pM-[1-14C]acyl-CoA esters (0.4-1.6nCi/nmol) and albumin (as indicated). It was incubated at 37°C for 5min. The reaction was started by adding 1-4jug of enzyme protein which had been preincubated at 37°C for 2min in 14mM-Tris/HCl buffer, pH7.8. The final volume of the reaction mixture was 0.5ml. The reaction was stopped after 0.5-3.0min with 2.0ml of Vol. 160 Dole's (1956) reagent. Unesterified 14C-labelled fatty acids of chain lengths C8:O-C6:0 were extracted by the method of Bar-Tana et al. (1971) . The top phase, which contained the unesterified 14C-labelled fatty acids, was mixed with 10ml ofxylene containing 4.0g of 2,5-diphenyloxazole/litre and 0.1g of 1,4-bis-(5-phenyloxazol-2-yl)benzene/litre, and the radioactivity determined by liquid scintillation. Portions (0.5-1.0ml) of the bottom phase were mixed with 10ml of Triton X-100/xylene (1:2, v/v) containing 5.5g of 2,5-diphenyloxazole/litre and 0.1 g of 1,4-bis-(5-phenyloxazol-2-yl)benzene/litre. Water (0.1-0.5ml) was added, and the radioactivity determined by liquid scintillation. When butyryl-CoA or hexanoyl-CoA was used as substrate, the reaction was stopped by adding 0.5ml of 0.1M-HCI. The unesterified fatty acids were extracted four times with 1 .0ml portions of diethyl ether and their radioactivity was determined by liquid scintillation. The recovery of ['4C]butyric acid was 93 %. Control incubations without added enzyme were always used. All assays were performed in triplicate.
Molecular weight
The molecular weight of partly purified mediumchain acyl-thioester hydrolase was determined by gel filtration (Andrews, 1970) . The molecular weight and the homogeneity of the purified enzyme was established by polyacrylamide-disc-gel electrophoresis in the presence of sodium dodecyl sulphate (Weber & Osborn, 1969) . A 10% (w/v) polyacrylamide gel was used.
Protein determination
Protein was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Results

Enzyme purification
Details of the purification of the enzyme are shown in Table 1 . The only effective step in the final stage of the purification was found to be preparative polyacrylamide-gel electrophoresis. This increased the specific activity about 12-fold with relatively little loss of enzyme activity. Attempts to use cellulose ionexchange chromatography or hydroxyapatite treatment at this stage of the purification were unsuccessful.
Three independent preparations of the enzyme purified by the procedures given in Table 1 The mol.wt. of fatty acid synthetase purified from lactating-rabbit mammary gland is 9.1 x 105 (Carey & Dils, 1970a) 
EXPLANATION OF PLATE I Purity ofmedium-chain acyl-thioester hydrolase by the criterion ofanalyticalpolyacrylamide-gel electrophoresis (a) Samples of the enzyme (6pig of protein) were analysed by polyacrylamide-disc-gel electrophoresis in the presence of sodium dodecyl sulphate on 1O% (w/v) gels (Weber & Osborn, 1969) . Three independent preparations of the enzyme showed the same degree ofhomogeneity. the molar ratio of synthetase to hydrolase was maintained at 1:0.5, chain termination was greatest when the two hydrolase preparations with the highest specific activities were used ( (Fig. 1) .
At both 3 and 8,uM substrate, the rate of hydrolysis was greatest with dodecanoyl-CoA. The enzyme -did not hydrolyse butyryl-CoA or hexanoyl-CoA at measurable rates. The rates ofhydrolysis of octanoylCoA and of decanoyl-CoA were about 5 and 50% respectively of that of dodecanoyl-CoA with all three enzyme preparations. Tetradecanoyl-CoA and hexadecanoyl-CoA were hydrolysed at rates about 60% and 55% respectively of that of dodecanoyl-CoA when the enzyme with the highest specific activity was used (preparation c, Fig. la) . There was little difference in the rate of hydrolysis of fatty acyl-CoA esters of Chain lengths C12:0{C16:0 when the enzyme with the lowest specific activity was used (preparation b, The radiochemical assay used to determine the substrate specificity is described in the Materials and Methods section. In (a) and (b) the substrate concentrations were 3 and 8pM respectively. Three purified enzyme preparations were used. Preparations a, b and c had, respectively, specific activities of 1130, 305 and 2010nmol of dodecanoyl-CoA hydrolysed/min per mg of protein as determined by the spectrophotometric assay with 56pM substrate (see the Materials and Methods section). The shaded columns are enzyme activity in the presence of 304ug of albumin/ml of incubation mixture. The open columns are enzyme activity in the absence of albumin. The error bars are the standard deviations of triplicate incubations. Substrate concentration. The rate of hydrolysis of dodecanoyl-CoA increased linearly with substrate concentration up to 45juM (Fig. 2) . The rate decreased at higher concentrations, and a slight inhibition was observed at 212,M substrate, though it was difficult to obtain reproducible results at high substrate concentrations. This may be due to the differing extent of micelle formation even though the substrate was preincubated with buffer for 5min before the enzyme was added.
Effects of albumin. Fatty acid-poor albumin increased the rate of hydrolysis of dodecanoyl-CoA by the two preparations ofthe purified enzyme ofhigh specific activity (Fig. 3) . The maximum increase occurred with 30,ug of albumin/ml of incubation mixture; higher concentrations decreased the rate, which may be due to the binding of substrate. This optimnum concentration of albumin was found to increase the rate of hydrolysis of all fatty acyl-CoA esters of chain lengths C8:0Cl6:0 (except for the C14:0 ester) when the two enzyme preparations of highest specific activity were used (Fig. 1, preparations  a and c) . However, it did not affect the overall pattern of chain-length specificity.
This stimulatory effect of albumin could have been due to the removal of inhibitory products. Increasing concentrations of unesterified dodecanoic acid were therefore added to the incubation system described in the legend to Fig. 3 , except that albumin was omitted from the system containing 8pM-dodecanoyl-CoA. Albumin (ug/ml of incubation mixture) No decrease in the rate of hydrolysis of dodecanoylCoA was observed even when 3 mM-dodecanoic acid was added. This indicates that the effect of albumin is unlikely to be due to the removal of inhibitory products.
Discussion
Purified fatty acid synthetase from lactating-rabbit mammary gland synthesizes C4:0 and C16:0 fatty acids in the presence of optimum concentrations of acetylCoA and malonyl-CoA (Carey & Dils, 1970b) . With the assay system described in Table 2 , there is a constant and rate-limiting generation of malonylCoA. This will limit the probability of chain elongation according to the model of Sumper et al. (1969) . If the rate of elongation is decreased sufficiently, C14:0 should be the predominant fatty acid synthesized according to this model. This is because the rate of hydrolysis of shorter-chain fatty acids by the acylthioester hydrolase of the synthetase is low compared with the rate of elongation. The results in Table 2 show that purified fatty acid synthetase from rabbit mammary gland behaves according to this model. It can also be predicted from the model that mediumchain fatty acids would be synthesized if mediumchain acyl-thioester hydrolase activity was added, Vol. 160 which could specifically release these acids from the synthetase.
Preliminary evidence for the occurrence of this chain-terminating enzyme in the cytosol of lactatingrabbit mammary gland has now been confirmed and the enzymehas been purified. When added to a system which is synthesizing shortand long-chain fatty acids from rate-limiting amounts of malonyl-CoA the behaviour predicted from the model of Sumper et al. (1969) is observed. That the decrease in the chain length of the synthesized fatty acids is related to the amount of medium-chain acylthioester hydrolase activity added can be seen from the results given in Table 2 . The purified mediumchain acyl-thioester hydrolase must therefore be able to use as substrates medium-chain acyl residues which are bound to synthetase, probably as acyl-carrier protein derivatives.
It is not known whether the effects of albumin on chain termination (Table 2 ) are due to changes in protein concentration or to the removal of unesterified fatty acids synthesized, which are likely to inhibit acetyl-CoA carboxylase.
The results presented here may well explain the synthesis of C8:0 and Clo:o fatty acids by lactatingrabbit mammary gland in vivo (Carey & Dils, 1972) and in vitro (Strong & Dils, 1972) . The conditions required for the purified hydrolase to function in chain termination are the generation of low and ratelimiting amounts of malonyl-CoA. Acetyl-CoA carboxylase is thought to be the rate-limiting enzyme of fatty acid biosynthesis de novo in a number of tissues [see Numa (1974) for review]. Smith & Abraham (1970) have found the activity of fatty acid synthetase to be 2.5 times that of acetyl-CoA carboxylase in extracts of lactating-rat mammary gland when the enzymes were assayed under optimum conditions. This ratio is 4.35 in the microsomal plus particle-free supernatant fraction of homogenates of lactating-rabbit mammary gland (Smith et al., 1966) . Conditions favourable for the medium-chain acylthioester hydrolase to function in chain termination could therefore occur in lactating mammary gland in vivo.
Comparison with long-chain acyl-CoA hydrolases Molecular weight. The mol.wt. of long-chain acylCoA hydrolase isolated from seven tissues from the rat was 50000 as determined by sucrose-densitygradient centrifugation. However, the mol.wt. of the enzyme from rat heart, spleen and blood was about 100000 as estimated by Sephadex G-100 gel filtration (Kurooka et al., 1972) . Long-chain acyl-CoA hydrolase from bovine brain showed two peaks of activity when chromatographed on Sephadex G-200 at 2°C. This is due to the dissociation of a dimer of mol.wt. 96000 into monomers of mol.wt. 46000 689 (Anderson & Erwin, 1971) . This formation ofa dimer could explain the mol.wt. of 100000 found for the enzyme in rat heart, spleen and blood by gel filtration.
The mol.wt. of purified medium-chain acylthioester hydrolase from lactating-rabbit mammary gland (29000) is similar to that of the subunits (30000) ofthehigher-mol.wt. form(90000-117000) of long-chain acyl-CoA hydrolase from E. coli (Barnes et al., 1970; Bonner & Bloch, 1972) . This latter enzyme hydrolyses palmitoyl-acyl-carrier protein and might therefore be involved in the synthesis of longchain fatty acids. The mol.wt. of the medium-chain acyl-thioester hydrolase is somewhat higher than that of a second long-chain acyl-CoA hydrolse from E. coli (22000). It has been shown that this second hydrolase from E. coli participates in chain-length termination leading to the synthesis of long-chain unesterified fatty acids (Barnes & Wakil, 1968) . The most interesting similarity is between the mol.wt. of the medium-chain acyl-thioester hydrolase and the long-chain acyl-thioester hydrolase (32000), which can be cleaved from fatty acid synthetase purified from lactating-rat mammary gland by proteolytic hydrolysis Agadi et al., 1976) .
Substrate spec(ficity The substrate specificity of purified medium-chain acyl-thioester hydrolase from rabbit mammary gland towards acyl-CoA esters as model substrates deteried at low substrate concentrations showed that the enzyme has the highest activity towards dodecanoyl-CoA (Fig. 1 ), but substantial activity towards decanoyl-CoA. This specificity differs from that of the low-molecular-weight enzyme from E. coli, which shows maximum activity towards tetradecanoylCoA and hexadecanoyl-CoA but very low activity towards dodecanoyl-CoA and shorter-chain acylCoA esters (Barnes & Wakil, 1968) . The highmolecular-weight enzyme from E. coli shows increasing hydrolytic activity with increasing chain length of acyl-CoA esters, with maximum activity towards hexadecanoyl-CoA and octadecanoyl-CoA (Barnes et al., 1970) . The mammalian enzymes show a wide specificity towards medium-and long-chain acyl-CoA esters, which varies with the tissue from which they were isolated (Anderson & Erwin, 1971; Kurooka et al., 1972) . However, comparison with mammalian enzymes is difficult, since their substrate specificities have been determined by estimating Km and Km,S. values which are doubtful value, owing to micellar formation by the substrates.
Effects ofalbumin
The effect of albumin in increasing the rate of hydrolysis of acyl-CoA esters by the high-specificactivity preparations of medium-chain acyl-thioester hydrolase ( Fig. 1) is unlikely to be due to the removal of inhibitory unesterified fatty acids formed during hydrolysis. High concentrations of dodecanoic acid did not affect the activity ofthe enzyme when albumin was omitted from the incubation system. Though Barnes & Wakil (1968) found that albumin increased the activity of the low-molecular-weight enzyme from E. coli, they used a high concentration (14.4,UM) of hexadecanoyl-CoA as substrate. The albumin could therefore have prevented the inhibition of the enzyme by substrate in the micellar form. This is unlikely to be the explanation here, since the increase in activity was more pronounced at the lower substrate concentration (Fig. 3) . The lack ofeffect ofalbumin when the purified enzyme of low specific activity was used could be due to the high concentration (4pg/ml) of enzyme protein used compared with that when the high-specific-activity enzyme was used (1 pg/ml). If so, this would indicate a protein-concentration effect.
It is not clear whether the effect of albumin in the chain-termination assay (Table 2 ) is related to its effects on hydrolase activity when acyl-CoA esters are used as model substrates (Figs. 1 and 3 ).
Summary
In summary, the presence of medium-chain acylthioester hydrolase activity in extracts of lactatingrabbit mammary gland explains, at least in part, previous reports (Carey & Dils, 1973a,b; Strong et al., 1973; Knudsen, 1976) which indicated an unidentified factor(s) in these extracts which controlled chain termination.
